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ABSTRACT
We present an observational reconstruction of the radial water vapor content near the surface of
the TW Hya transitional protoplanetary disk, and report the first localization of the snow line during
this phase of disk evolution. The observations are comprised of Spitzer -IRS, Herschel -PACS, and
Herschel -HIFI archival spectra. The abundance structure is retrieved by fitting a two-dimensional
disk model to the available star+disk photometry and all observed H2O lines, using a simple step-
function parameterization of the water vapor content near the disk surface. We find that water vapor
is abundant (∼ 10−4 per H2) in a narrow ring, located at the disk transition radius some 4AU from
the central star, but drops rapidly by several orders of magnitude beyond 4.2AU over a scale length
of no more than 0.5AU. The inner disk (0.5-4AU) is also dry, with an upper limit on the vertically
averaged water abundance of 10−6 per H2. The water vapor peak occurs at a radius significantly more
distant than that expected for a passive continuous disk around a 0.6M⊙ star, representing a volatile
distribution in the TW Hya disk that bears strong similarities to that of the solar system. This is
observational evidence for a snow line that moves outward with time in passive disks, with a dry inner
disk that results either from gas giant formation or gas dissipation and a significant ice reservoir at
large radii. The amount of water present near the snow line is sufficient to potentially catalyze the
(further) formation of planetesimals and planets at distances beyond a few AU.
Subject headings: planetary systems: protoplanetary disks — astrochemistry — stars: individual (TW
Hya)
1. INTRODUCTION
Giant planets and planetesimals form in the chemi-
cally and dynamically active environments in the inner
zone of gas-rich protoplanetary disks (Pollack et al. 1996;
Armitage 2011). Processes taking place during this crit-
ical stage in planetary evolution determine many of the
parameters of the final planetary system, including the
mass distribution of giant planets, as well as the chemical
composition of terrestrial planets and moons.
Indeed, some of the most important features of mature
planetary systems may be dictated by the behavior of the
water content of protoplanetary disks. Such processes in-
clude the formation of a strong radial dependence of the
ice abundance in planetesimals – the snow line (Hayashi
1981). The deficit of condensible water inside the snow
line leads to a need for radial mixing of icy bodies during
the later gas-poor stages in the evolution of the plan-
etary system, in particular to explain the existence of
water on the Earth (Raymond et al. 2004). Ice mantles
on dust beyond the snow line allow grains to stick at
higher collisional velocities allowing for efficient coagu-
lation well beyond the limits of refractory grain growth
alone (Blum & Wurm 2008). The combined mass of the
solid component in protoplanetary disks is likely dom-
inated by volatile, but condensible, species, the most
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abundant of which is water (Lecar et al. 2006).
Thus, core accretion models that rely on the avail-
ability of large concentrations of solid material sug-
gest that giant planets will initially be found beyond
the snow line, as their formation requires the existence
of a massive ice reservoir (Kennedy & Kenyon 2008;
Dodson-Robinson et al. 2009). The added solid den-
sity offered by condensible water may also offer a way
out of the “meter-barrier” for planetesimal formation
(Weidenschilling 1997), in which centimeter to meter
size icy bodies migrate inwards and are lost to the cen-
tral star on time scales much shorter than those of
steady state grain aggregation (Birnstiel et al. 2009): Be-
yond a certain mass density of solids, local concentra-
tions of boulder-sized particles may overcome the effects
of turbulence acting to disperse them and will grav-
itationally contract to form Ceres-mass planetesimals
(Johansen et al. 2007, 2009).
Given the central role that water plays in the formation
of planetary systems, its distribution and abundance in
protoplanetary disks has been the subject of intense the-
oretical study (e.g., Ciesla & Cuzzi 2006; Garaud & Lin
2007; Kretke & Lin 2007). Yet, the only source of obser-
vational constraints on the initial radial distribution of
water in planet-forming regions has been the distribution
of ice in the current Solar System (Hayashi 1981), the re-
maining bodies of which represent only a small part of
the story. Apart from the fact that the solar system wa-
ter distribution may be unique, theoretical study shows
that the initial distribution of ices in protoplanetary disks
evolves as does the disk temperature distribution (e.g.
Garaud & Lin 2007), and that in later stages it is con-
founded by the dynamical interactions between planets
2and the planetesimal swarm (Gomes et al. 2005). The fi-
nal distribution of water in a planetary system is thus an
obscured tracer of initial conditions; and to understand
the role of water and other volatiles in the formation
of planets, we should measure their distribution before,
during and after planet(esimal) formation.
The most direct way to trace the water abundance dis-
tribution in protoplanetary disks is to image line emis-
sion from water vapor. However, due to the strong radial
gradient of gas temperature in disks, each line of a given
excitation energy will only trace a limited areal extent of
the disk. For instance, high-J rovibrational transitions in
the mid-infrared waveband are sensitive to the warmer
(& 300K) and inner parts of the disk surface (. 10AU).
Far-infrared transitions arise from cooler gas (. 300K)
in the outer (& 10AU) and deeperregions of the disk. In
order to measure the total water vapor content in the
disk surface, it is necessary to observe lines across states
of widely varying excitation energies.
That line emission from water vapor is common in
disks is now well established thanks to observations with
the Spitzer IRS instrument, which has detected a forest
of emission lines in the 10–35 µm range. Carr & Najita
(2008) and Salyk et al. (2008) first reported a large num-
ber of rotational lines due to warm water in AA Tau, AS
205N, and DR Tau, while Pontoppidan et al. (2010b) re-
port a water emission detection rate of ∼50% in their
Spitzer survey of 46 disks surrounding late-type (M-G)
stars. With upper energy levels of Eup ∼ 1000 − 3000K,
these water lines arise from the inner few AU region of the
disks. Detailed radiative transfer models show that the
surface water vapor abundance may need to be truncated
beyond ∼1AU for a typical classical T Tauri star (cTTs)
disk in order to match the general line ratios over 10–
35µm (Meijerink et al. 2009). Follow-up ground-based
spectra of the brightest targets have constrained the gas
kinematics, and confirmed that the water vapor resides
inside the snow-line (Pontoppidan et al. 2010a).
Recently, complementary spectral tracers of water va-
por in the outer disk have become accessible via Her-
schel Space Observatory PACS and HIFI observations.
Riviere-Marichalar et al. (2012) describe the discovery of
warm water emission at 63.3µm in 8 out of their 68
T Tauri disk sources, and tentative detections of wa-
ter transitions with similar excitation energies have also
been reported for the Herbig Ae/Be star HD 163296
(Meeus et al. 2012; Fedele et al. 2012). The first sen-
sitive search for ground-state emission lines of cold wa-
ter vapor in DM Tau indicated that the vertically av-
eraged water vapor abundance in the outer disk of this
source is extremely low, < 10−10 per hydrogen molecule
(Bergin et al. 2010). Finally, two ground state water
emission lines in TW Hya were detected with HIFI
(Hogerheijde et al. 2011).Again, the vertically averaged
water vapor abundance is <
∼
10−10 per hydrogen, while
the estimated peak water vapor abundance is closer to
∼10−8−10−7 in the near surface layers of the disk. These
are values that can be produced by UV photodesorption
from icy dust grains. In this interpretation, the low ex-
citation water lines trace a large, but otherwise unseen,
reservoir of ice in the outer disk.
Here we present an observationally-based method for
reconstructing the water vapor column density profile
in the surface of a protoplanetary disk, based on multi-
wavelength, multi-instrument IR/submillimeter spectra,
and apply the method to the TW Hya transitional disk.
We chose TW Hya because of the availability of deep
archival Spitzer and Herschel water spectroscopy and
the existence of detailed structural models. Further, we
report on the spectroscopic identification of warm water
vapor emission at 20–35 µm, a detection that permits, in
combination with the Herschel data, the first localization
of the snow line in a transitional disk.
The outline of the paper is as follows: In Section 2,
we describe the Spitzer and Herschel data. In §3, we
describe the structural gas/dust model for the TW Hya
disk. Section 4 applies a two-dimensional line radiative
transfer model to the model disk structure to retrieve a
radial abundance water profile based on the full spectro-
scopic dataset. The results are discussed in §5.
2. DATA REDUCTION
The Spitzer IRS 10−35 µm high resolution mode
(R∼600) spectra of TW Hya were acquired as part of
a survey program of transitional disks (PID 30300), with
J. Najita as PI. The observations were done in two
epochs using different background observation strate-
gies, for an observation log see Najita et al. (2010). In
the first epoch, TW Hya was observed on source (AOR
18017792), followed by north and south off-set observa-
tions (AORs 18018048, 18018304). In the second epoch
(AOR 24402944), TW Hya was observed using a fixed
cluster-offsets mode, such that the background scans
were observed in the same sequence. All of the datasets
were extracted from the Spitzer archive and reduced us-
ing the Caltech High-resolution IRS Pipeline (CHIP) de-
scribed in Pontoppidan et al. (2010b), which takes full
advantage of the existence of redundant background ob-
servations. CHIP implements a data reduction scheme
similar to that developed by Carr & Najita (2008).
In an extensive analysis of the 10-20µm Short-Hi (SH)
spectrum, Najita et al. (2010) report the detection of ex-
cited OH emission lines and a host of other molecular
features from TW Hya, but no water emission above a
lower flux limit of ∼10mJy. As stressed by Najita et al.
(2010), the lack of detectable water emission from the
highly excited water lines below 20µm does not preclude
the presence of cooler water vapor, and in a follow-up pa-
per (in prep), these authors interpret the SH and Long-Hi
(LH) data together. Our independent reduction of the
deep Spitzer IRS observations at longer wavelengths dis-
plays numerous water emission lines in the 20−35 µm
LH module. The strongest transition at 33 µm can be
clearly seen in all LH epochs. The spectrum from the
fixed cluster-offsets AOR has the highest signal-to-noise
ratio (SNR), and our analysis is therefore based on this
spectrum (presented in Figure 1). The SH spectrum is
scaled by a factor of 1.25 to match the flux of LH spec-
trum and IRAS 12 µm photometry data.
The Herschel HIFI line fluxes for the ground state
ortho and para water transitions are taken from
Hogerheijde et al. (2011). Somewhat higher excitation
lines are probed by the PACS instrument, and narrow-
range line spectra of TW Hya from 63−180 µm were ac-
quired as part of the public Herschel Science Demonstra-
tion Phase program (observation ID 1342187238). The
PACS data were reduced using the Herschel interactive
3processing environment (HIPE v.6.0), up to level 2. After
level 1 processing, spectra for the two nod positions were
extracted separately from the central spaxel. The spectra
of the two nod positions were uniformly rebinned, using
an over-sampling factor of 2 and an up-sampling factor
of 2, before co-adding to produce the final result. Linear
baselines were fitted to the local continua and integrated
line fluxes (see Table 2) were obtained using Gaussian
fits. While no water emission is formally detected with
PACS at 3σ, there are indications of water lines consis-
tent with our water abundance model predictions; see
Section 4 for further discussion.
3. THE TW HYA DISK STRUCTURE
The accuracy of retrieved chemical abundances in pro-
toplanetary disks is coupled to how well the two- or
three-dimensional gas kinetic temperature and volume
density structures are known. Our model development
consists of three stages: First, we construct an axisym-
metric model of the dust component of the disk, based on
fits to the continuum spectral energy distribution (SED),
using the RADMC code(Dullemond & Dominik 2004).
We then assume that the gas density distribution fol-
lows that of the small dust grain population — a rea-
sonable assumption since the small grains carry most of
the disk opacity and are dynamically well-coupled to the
disk gas. However, we do allow thermal decoupling of the
gas from the dust near the disk surface, in the form of
a constant temperature offset constrained using the CO
rovibrational emission spectrum near 4.7µm. Finally, we
constrain the water vapor radial column density distribu-
tion (and thus abundance) at all disk radii via fits to the
multi-wavelength water spectra acquired for TW Hya.
3.1. The dust temperature and density structure
Dust, as the dominant source of disk continuum opac-
ity, determines the disk SED shape. At a distance of
only ∼ 51 ± 4 pc (Mamajek 2005), TW Hya is one of
the best studied protoplanetary disks, with extensive
photometric data available from UV to cm wavelengths.
Calvet et al. (2002) developed a physically self-consistent
dust structure model for TW Hya. They found that
the disk is vertically optically thin within 4AU, corre-
sponding to a depletion of small dust grains by orders
of magnitude at these radii. This inner zone of dust de-
pletion has been confirmed by subsequent observations
(Eisner et al. 2006; Hughes et al. 2007). A small amount
of dust in the inner disk is needed to explain the 10–
25µm amorphous silicate features (Calvet et al. 2002),
and accretion onto the star continues. The existence of
hot gas in the innermost disk has been further confirmed
by the detection of CO ∆v=1 rovibrational emission
near 4.7µm (Rettig et al. 2004; Salyk et al. 2007, 2009)
and via Spectro-Astrometric (SA) observations of these
same lines (Pontoppidan et al. 2008). It is not yet clear
whether the gas content has been depleted to the same
degree as the dust in the inner disk, although Gorti et al.
(2011) estimated enhancements of 5-50 in gas/dust in in
the inner disk.
We adopt M⋆ = 0.6M⊙, R = 1M⊙ and Teff = 4000K
for the stellar mass, stellar radius and effective temper-
ature (Webb et al. 1999). The inclination angle of the
disk axis to the line-of-sight is fixed to i = 7◦ (Qi et al.
Table 1
Disk parameters for the dust model
Parameter Inner disk Cavity wall Outer disk
r (AU) 0.055 − 4 4 −5 5−196
p 0.8 0.0 1.0
γ 0.3 -0.25 0.2
Note. — Here γ is the index that describes the
vertical scale height zd: zd = z0(r/r0)
1+γ where z0 =
0.7 at r0 = 10AU; p is the index of the surface density
distribution: Σd = Σ0(r/r0)
−p.
2004). The standard gas-to-dust ratio of 100 is used to
estimate the total disk mass.
The dust structure model adopted is similar to
Andrews et al. (2012): an optically thin inner disk be-
tween the sublimation radius (rsub) and the cavity edge
(rcav), a cavity “wall” and an optically thick disk. The
cavity “wall” component is needed to reproduce the spec-
tral shape of TW Hya from 10−30µm (Uchida et al.
2004). The sublimation radius was set to rsub =
0.055AU, the location where dust temperature reaches
1400K. The cavity radius is fixed as rcav = 4AU, in ac-
cord with previous near-IR interferometry (Eisner et al.
2006; Hughes et al. 2007; Akeson et al. 2011). We adopt
the power-law density profile of Andrews et al. (2012) for
the outer disk, which is based on 870 µm continuum in-
terferometric imaging. A summary of the dust structure
model parameters can be seen in Table 1.
Following Pollack et al. (1994) and D’Alessio et al.
(2001), we use a dust mixture of astronomical silicates,
organics and water ice. For the optically thin inner disk,
pure glassy silicate is used to match the strong silicate
bands at 10 and 18 µm. The dust size distribution is
taken to be n(a) ∝ a−s with s = 3.5 between amin = 0.9
and amax = 2.0 µm (Calvet et al. 2002). In the cavity
wall, we use a dust size range between 0.005 and 1 µm;
outside the cavity wall, 95% (by mass) of the dust has a
size distribution extending from 0.005 µm to 1mm, with
the remaining 5% contained in grains from 0.005 – 1 µm.
Total dust masses in the optically thin and thick parts
of the disk are 2.77×10−9 and 4.4×10−4 M⊙. The SED
fit and our fiducial gas temperature and density profiles,
discussed further below, are presented in Figure 2.
3.2. The gas density and temperature
The gas/dust ratio in disks evolves due to grain growth
and transport processes (Birnstiel et al. 2009), and likely
has significant radial and vertical structure. For simplic-
ity, the gas density is here assumed to follow that of the
dust, with a constant gas/dust mass ratio throughout
the disk. For TW Hya, the estimated global gas/dust
ratio varies from 2.6 to 100 (Thi et al. 2010; Gorti et al.
2011). The recent detection of the HD J = 1-0 line from
TW Hya has offered an independent and robust estima-
tion of the gas mass (Bergin et al. 2013), which indicates
a globally averaged gas/dust ratio close to 100, a value
we adopt here. Significant dust vertical settling will pro-
duce an enhanced gas-to-dust ratio in the upper layers
of the disk. Such settling should have little impact on
the longest wavelength water transitions studied here,
or on the strongest, optically thick lines traced by the
Spitzer IRS. By creating a larger column of gas above
the τdust = 1 surface, the absolute fractional abundance
4Figure 1. The Spitzer IRS high resolution (R=600) spectrum of TW Hya from 10-35 µm; the trace at bottom presents the data after the
subtraction of a spline continuum fit (and scaled by a factor of 3 to show the emission lines more clearly). No water emission is detected
in the 10-20 µm SH modules (Najita et al. 2010), but the 20-35 µm LH spectrum shows clear evidence for water vapor. The short vertical
ticks indicate water vapor rest wavelengths (HITRAN 2008 database) for lines with intensities >5×10−22 cm−1/(molecule cm−2).
Figure 2. Left panel: A 2-D model fit to the TW Hya SED using RADMC and the parameters in Table 1. The stellar spectrum (peaking
near 1 µm) is generated from a Kurucz model with Teff = 4000K. The photometric points are taken from Rucinski & Krautter (1983),
2MASS, Low et al. (2005), and Weintraub et al. (1989), while the 5–35 µm Spitzer IRS spectrum is that displayed in Figure 1. Middle
panel: Fiducial gas temperature profile. Right panel: Fiducial gas density profile, with the Av=1 height depicted by the solid line.
of water derived by a well mixed LTE model likely pro-
vides an upper bound, but the inferred radial structure
in the water vapor column density should be fairly robust
against changes to the dust distribution.
Above a certain altitude in the disk, where the en-
vironment becomes exposed to the ambient radiation
field, the gas can also be thermally decoupled from the
dust. The gas will adopt a temperature profile that is
a balance among heating processes, such as mechanical
heating via accretion or that driven by photodissocia-
tion or the photoelectric electric effect, and cooling rates
driven by atomic, molecular, and dust grain emission
(Glassgold et al. 2004; Kamp & Dullemond 2004). Gen-
eral gas temperature profiles can be estimated using de-
tailed thermo-chemical models (e.g. Woitke et al. 2009;
Najita et al. 2011). However, such profiles can be highly
dependent on input assumptions, and interdependencies
between model parameters and observables can be ob-
scure. Here, we simplify the process by deriving the verti-
cal gas temperature structure in the inner disks using the
rotational ladder from M-band CO P-branch v = 1 − 0
emission lines. Due to its (photo)chemical robustness,
the abundance of CO is predicted to be fairly constant
at nCO/nH2 ≈ 1.2 × 10
−4 in regions warmer than 20 K
(Aikawa et al. 1996). A high CO abundance is expected
to persist even for a depleted inner disk, such as that of
TW Hya. Indeed, in the chemical model of Najita et al.
(2011), the abundance of CO rises to ∼ 10−4 once the
vertical column density of H2 reaches 10
21 cm−2 for radii
beyond 0.25AU (physical densities are >109 cm−3).
Since the heating of the inner disk gas is driven by
X-ray and FUV photons from the central star and stel-
lar accretion flow (Kamp & Dullemond 2004; Gorti et al.
2011), we assume that gas and dust temperature become
decoupled in regions where the radial optical depth for
visible photons is less than unity. That is:
Tgas =
{
Td, Av > 1
Td + δT, Av 6 1
, (1)
5Figure 3. Model CO rovibrational fluxes from decoupled gas/dust
temperature models compared with the observational data (de-
picted as crosses with error bars, from Salyk et al. 2007). The
models show three different values of δT, the temperature differ-
ence between gas and dust, with values of 120 (diamonds), 135
(squares) and 150K (circles).
where Td is dust temperature in the disk at (r, θ) in
spherical coordinates, Av is the visual extinction along
the radial direction θ, and δT is a free parameter that
describes the gas-dust temperature difference, to be de-
termined through fits to observational data.
The v=1-0 P(1-12) CO line fluxes at 4.7 µm are
taken from Salyk et al. (2007), while the model spec-
tra are generated by the raytracing code RADLite
(Pontoppidan et al. 2009). The lines are ∼7.5 km/s wide
(FWHM) (Pontoppidan et al. 2008), consistent with the
nearly face-on orientation of TW Hya. The inner edge
of the CO emission in the inner disk is set at rin =
0.11AU, based on SA imaging of the 4.7 µm line emis-
sion (Pontoppidan et al. 2008). The outer edge of the
CO-emitting zone is not well constrained, and is set to
4AU, the dust transition radius. The model is relatively
insensitive to the size of the outer edge, since the major-
ity of the emission is produced at radii ≪ 4AU.
The best fit has δT=135±15K (Figure 3). From M-
band rotation diagram fits, Salyk et al. (2007) derive
NCO = 2.2 × 10
18 cm−2, corresponding to a vertical
total gas column density of NH∼10
22 cm−2. The 135K
gas-to-dust temperature difference is consistent with the
detailed gas temperature balance model of Najita et al.
(2011), whose treatment yields δT∼100 K at r=0.25AU
for an integrated column density of NH = 10
22 cm−2.
RADLite simulations predict a line width (prior to in-
strument profile convolution) of FWHM∼6.8-9.6 km/s
for vturb ∼ 0.05 vKepler. This is somewhat larger than
observed 7.5 km/s linewidths, but this difference may be
accounted for by the difference in disk inclination relative
to that (i = 4◦) derived by Pontoppidan et al. (2008).
The best fit δT of 135K applies only to the inner disk
radii probed by CO, but similar physics will decouple the
gas and dust temperatures near the disk surface at larger
radial distances. To model this decoupling, we adopt
Tg = Td+δT×e
−r/50AU for the gas temperature at large
scale heights, a parameterization that matches broadly
the models of Thi et al. (2010) for TW Hya. Again, the
gas density structure follows that of the dust.
We stress that such gas/dust thermal decoupling
should have only a modest impact on a principle molec-
ular mapping result presented here, namely the signifi-
cant drop in the water vapor column density beyond the
snow line. For the highest excitation lines measured by
Herschel (and Spitzer) that trace the photon-dominated,
and thus heated, layers in the inner disk and cavity wall,
gas densities are at least ∼109 H2/cm
3. Under such con-
ditions the simulations of Meijerink et al. (2009) show
that the emergent fluxes of the water lines detected here
are within factors of two-three of their LTE values. Thus,
the water vapor column densities should be reasonably
well determined by LTE calculations whose temperature
distributions are constrained by the CO M-band obser-
vations.
The outer disk is too cold to emit in such high excita-
tion water lines, and as discussed further in Section 5, the
physical density in the Av∼1 layer at radii beyond 5-10
AU is only ∼107 H2/cm
3, some 100-1000× less than the
critical densities of the mid- to far-infrared water vapor
lines examined here. Only the lowest-excitation water
transitions measured by Herschel principally trace the
outer, deeper disk layers. Here the M-band CO obser-
vations are of little use, but the lowest-J pure rotational
lines do probe the relevant disk gas. In RADLite sim-
ulations of lines up to J = 6-5 we find, in agreement
with Qi et al. (2004), that significant CO depletion in
the cold disk midplane is needed to match the observed
line fluxes. Water can be expected to deplete in a simi-
lar manner, with the bulk of the vapor emission arising
from an intermediate layer at densities where LTE cal-
culations offer column density estimates good to within
an order-of-magnitude (Hogerheijde et al. 2011).
4. RETRIEVING THE RADIAL WATER VAPOR PROFILE
4.1. The water line model
Given the gas temperature and density structure for
TW Hya, we can now constrain the water vapor con-
tent of the TW Hya disk surface as a function of radius.
Our goal is not to provide an exacting description of the
volatile abundances versus radius and height, but to de-
termine what radial distribution of water vapor is most
consistent with the available data.To this end, we con-
struct a step function in water vapor abundance, with
one value, Xinner, in the inner gas-depleted disk within
4AU, another, Xring, in a ring starting at 4AU and ex-
tending to the snow line at Rsnow, and an outer disk
abundance Xouter. That is,
XH2O =
{
Xinner, R < 4AU
Xring, 4AU 6 R 6 Rsnow
Xouter, R > Rsnow
(2)
As described below, our calculations assume LTE but do
account for line and continuum opacity. The XH2O val-
ues derived thus reflect the water vapor column densities
to different depths into the disk. Inside of 4 AU and
for the longest wavelength Herschel lines sensitive to the
outermost radii the dust opacity permits the full vertical
extent of the disk to be sampled. For the IRS features
and the shorter wavelength PACS lines that sample gas
near the transition radius, significant dust opacity limits
the fitted column densities, and hence the XH2O values,
6to the upper layers of the disk. Freeze-out and dust/line
opacity greatly limit access to the midplane beyond 4
AU.
Given the wide span in upper level energies of the lines
considered, it is generally possible to identify subset of
lines that co-vary. Consequently, we can explore one
model parameter at a time to derive a best-fit model, il-
lustrated in Figure 4. As we shall see, the simplest LTE
model, namely a constant water abundance throughout
the disk, is inconsistent with the data in hand.In Sec-
tion 4.2.2, we further discuss whether the data support
a modification to this basic structure in which the drop
in water abundance beyond the snow line instead occurs
over some finite, measurable distance.
To render model spectra, we set the level populations
to LTE. While the critical densities (ncrit = 10
10 − 1012
cm−3) of the high energy mid-IR water transitions sug-
gest that a non-LTE treatment is needed, there is cur-
rently no robust and fully tested non-LTE framework for
the modeling of infrared water lines. That is, a non-
LTE calculation is also likely to be inaccurate, given
the uncertainty of collisional rates and the complexity
of the transition network. Further, previous work sug-
gests that non-LTE effects may alter line fluxes by factors
of only a few for the moderate excitation lines detected
here (Meijerink et al. 2009; Banzatti et al. 2012), which
will preserve the qualitative aspects of our treatment. In
setting level populations to LTE, we make it easier to
reproduce our results and to evaluate the validity of our
retrievals using more detailed models in the future.
We assume a subsonic turbulent velocity broaden-
ing of vturb ∼ 0.05 vKepler, and a constant ortho-to-
para (O/P) water ratio of 3:1, that consistent with the
mid- and far-infrared lines (Pontoppidan et al. 2010b).
The cold gas seen by HIFI has a lower O/P ratio of
0.7 (Hogerheijde et al. 2011), but the difference does
not substantially affect the derived abundance struc-
ture. Model spectra are typically rendered with a grid
of 0.3 km/s, and then convolved with a Gaussian instru-
ment response function to match the observed spectra.
The Herschel HIFI spectra are rendered with a finer ve-
locity grid of 0.05 km/s.
4.2. Best-fitting model
The best-fitting radial water column density profile in
TW Hya is shown in Figure 4, whose spectral predictions
are compared to the Spitzer LH data in Figure 5. We
find that the inner optically thin region of TW Hya is
dry, with upper limits on the vertically integrated frac-
tional water abundance of Xinner < 10
−6. The water de-
tected by Spitzer originates in a thin ring near the disk
surface, starting at 4AU and ending at a snow line just
beyond this at Rsnow ∼ 4.2AU. At larger radii, the frac-
tional water abundance drops abruptly by several orders
of magnitude, to Xouter values near 3.5×10
−11.
The uniqueness of this solution is illustrated in Figure
6, which shows how variations in the water abundance
in different regions of the disk affect different lines. This
differential sensitivity is the foundation of our method
for retrieving the radial column density, and thus abun-
dance, profile, and is the subject of the following discus-
sion.
Figure 4. The best-fit radial abundance of water vapor in TW
Hya, illustrated by the vertically integrated column density profile
(solid curve). Within 4 AU, the maximum water abundance is
depicted by arrows. The dashed curve is the total gas column
density. At the top of the figure, the role of multi-wavelength
observations in tracing different radii of the disk are highlighted,
along with representative facilities of each wavelength window.
Figure 5. Detailed comparisons of the Spitzer IRS spectrum
(black) with RADLite LTE water models (red). The spectrum of
RNO90, one of the strongest water emitters in Pontoppidan et al.
(2010b), is plotted at bottom, to guide the eye. The vertical dashed
markers show the location of OH lines not discussed in this paper.
4.2.1. The inner disk
The inner disk of TW Hya – radii within 4AU – is par-
tially cleared out, leading to integrated vertical column
densities that are more than two orders of magnitudes
lower than those typical for cTTs. The non-detection
of water lines between 10 and 20µm, in the Spitzer SH
range, may be a reflection of this, but even though the
column density in the inner disk is dramatically reduced
from the extrapolation of the outer disk to smaller radii,
the scale height is sufficiently small that the physical den-
sities at the Av∼1 surface exceed 10
9 H2/cm
3. Thus,
non-LTE effects are likely to be fairly unimportant, and
we are able to produce meaningful upper limits on the
fractional water abundance at r <4 AU.
We investigated the effects on the Spitzer and Herschel
lines when varying the inner disk abundance ratios be-
tween Xinner = 10
−7 and 10−4. Interestingly, we find
7Table 2
Observed and calculated water line fluxes
Type Transition λ(µm) Eup (K) A coefficient(s−1) Flux(10−19W/m2) Model(10−19W/m2)
o-H2O 1139-10010 17.23 2438.8603 9.619E-1 < 163.7 37.6
p-H2O 1129-10110 17.36 2432.5234 9.493E-1 < 617.3 110.4
o-H2O 836-707 23.82 1447.5970 6.065E-1


4669±364a 3051
p-H2O 981-872 23.86 2891.7024 3.128E+1
o-H2O 982-871 23.86 2891.7022 3.128E+1
o-H2O 845-716 23.90 1615.3501 1.034
o-H2O 1166-1055 23.93 3082.7639 1.612E+1
p-H2O 1156-1047 23.94 2876.1493 9.754
p-H2O 853-744 30.47 1807.0023 8.923
}
3750±317a 4940p-H2O 761-652 30.53 1749.8575 1.355E+1
o-H2O 762-651 30.53 1749.8506 1.355E+1
o-H2O 854-743 30.87 1805.9308 8.687
}
1883±287a 3393o-H2O 634-505 30.90 933.7488 3.504E-1
o-H2O 818-707 63.32 1070.7757 1.730 < 123.2 84.8
o-H2O 707-616 71.95 843.5459 1.147 < 127.2 77.0
p-H2O 817-808 72.03 1270.3910 3.099E-1 < 35.4 11.6
o-H2O 423-312 78.74 432.1913 4.852E-1 < 39.1 76.3
p-H2O 615-524 78.93 781.1873 4.501E-1 < 54.3 33.7
p-H2O 322-211 89.99 296.8471 3.541E-1 < 60.9 45.8
p-H2O 413-322 144.52 396.4126 3.345E-2 < 5.9 8.5
o-H2O 212-101 179.53 114.3874 5.617E-2 < 8.6 10.7
p-H2O 111-000 269.27 53.4366 1.852E-2 3.07± 0.19 3.24
o-H2O 110-101 539.29 60.9686 3.477E-3 3.46± 0.15 1.89
Note. — a. Water lines are often blended in the Spitzer IRS LH spectrum due to the limited resolution
of R∼600. The fluxes are measured by integrating the spectrum over each distinctive feature/region after a
linear continuum subtraction.
that inner disk fractional abundances higher than 10−6
significantly overpredict several water lines in the PACS
range, especially the high excitation 63.3µm lines, while
the Spitzer SH lines allow somewhat larger abundances.
That is, the Spitzer SH spectrum tends to be consistent
with a model in which the lack of lines below 20µm is
explained by the overall low gas mass in the inner disk,
and not necessarily a drier disk. It is the addition of the
non-detection of PACS lines that require the fractional
water abundance to be suppressed in the inner disk.
4.2.2. The transition region and the snow line
Next, we consider the origin of the water lines seen at
20-35µm. Figure 6 shows that the Spitzer LH lines de-
tected are uniquely sensitive to variations in the water va-
por content around the transition region. It is clear that
a high water vapor column density is required to fit the
Spitzer spectra, with an emitting area close to pi×1 AU2.
Our fiducial dust/gas model yields Xring ∼ 2.5 × 10
−4
above the τdust=1 surface (line opacity is also signifi-
cant). As discussed in §5.2, the required column den-
sity/abundance can be traded off against excitation tem-
perature to some extent, with higher excitation temper-
atures corresponding to slightly smaller radii.
In the context of our transitional disk model, the most
likely location for warm water vapor lies at the transi-
tion radius, or 4 AU, a prediction that can be tested
by measurements of the water (or perhaps OH) emis-
sion line profiles using high resolution thermal-infrared
spectroscopy. Interestingly, the cavity “wall” structure
needed to reproduce the 10-30 µm SED (with a z/r value
of 0.3) has a surface area close to that derived from the
water emission for an inclination of seven degrees, further
reinforcing the likely radial location of the high water va-
por abundance.
Further, the PACS and HIFI lines are sensitive to the
location of the snow line (the outer edge of the water-
rich ring). Consequently, we varied the location of the
snow lines between 4.2-6AU. In Figure 6, it is seen that
placing the snow line farther out in the disk over-predicts
primarily the PACS lines. Hence, the detection of water
lines by Spitzer in combination with the non-detection
of water lines in PACS waveband provides strong con-
straints on the location of the surface snow line.
We explored one more aspect of the water abundance
profile around the snow line. Because the water conden-
sation temperature is a function of pressure and because
of the strong vertical gradients in the disk, the local wa-
ter vapor abundance need not precisely be a step func-
tion in radius. In particular, can the water lines between
40-150µm be used to constrain how rapidly the water
abundance, as inferred from the column density struc-
ture, drops beyond the snow line with radius?
Specifically, we modify the abundance step function
with an exponential drop-off beyond the snow line:
XH2O(R > Rsnow) = (Xring−Xouter)e
(
Rsnow−R
Reff
)
+Xouter,
(3)
where Reff is the scale length of the abundance change.
We consider Reff = 0.1, 0.5, and 1AU, and find that
models with Reff & 0.5AU produce more flux than is
observed by the Herschel PACS instrument (Figure 7).
This supports our original assumption of a step function,
and we conclude that the surface snow line in TW Hya
is radially narrow; that is, it occurs over a region that is
a small fraction of its distance to the star.
4.2.3. The outer disk
An extremely low vertically averaged abundance be-
yond the snow line, Xouter=3.5×10
−11, is required by
LTE fits to the HIFI ground state water lines at 267
and 537 µm. Indeed, the strongest constraint on the
outer disk water vapor abundance is provided by the
ground-state lines, although significant limits are also
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Figure 6. The sensitivity of selected water line fluxes to variations in the water vapor column density distribution. The first column
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show model line spectra compared to the observed spectra for TW Hya. The ladder crossed line in the 30µm column is OH, which is not
discussed in this paper. Please see Fig. 5 for additional OH line identifications.
provided by slightly higher-lying transitions in the PACS
range, in particular the 179.5µm transition. The low
water vapor content of the outer disk is consistent with
the analysis of Hogerheijde et al. (2011) and the HIFI
non-detection of water lines in another transitional disk,
DM Tau (Bergin et al. 2010). Specifically, our Xouter
is comparable to the global disk-averaged value derived
by Hogerheijde et al. (2011) – 7.3×1021 g of water in a
1.9×10−2 M⊙ disk, or XH2O=2.2×10
−11 – but as these
authors stress there is likely significant vertical structure
in the water vapor abundance and a large ice reservoir
beyond 4-5 AU.
5. DISCUSSION
From an analysis of the water emission lines from the
TW Hya disk over the 10− 567 µm interval, both warm
(∼220 K) and cold water vapor are found to be present.
The warm water emission most likely originates in a nar-
row ring region between 4–4.2 AU where abundant water
vapor carries much of the cosmically available oxygen,
XH2O ∼ 10
−4. Outside of 4.2 AU, the vertically aver-
aged water vapor column density decreases dramatically
over a radial distance less than 0.5 AU, marking the loca-
tion of the disk’s surface snow line. Each of the datasets
included in this study uniquely constrain one aspect of
the distribution profile, and so we demonstrate the im-
portance of the use of multi-wavelength datasets. Here
we discuss some implications of our results.
5.1. The origin of the surface water vapor
How does this study inform the origin of the observed
water vapor, and of water in protoplanetary disks in gen-
eral? There are two potential sources of water: One is in
situ gas-phase formation, while the other is grain surface
formation in a cold reservoir – which could be the disk
itself or the primordial protostellar cloud. In the second
case, a mechanism is needed to transport the ice inwards
and upwards to a location where it can either thermally
evaporate or be photodesorbed and observed in the form
of vapor (see, for example, Supulver & Lin 2000).
9Figure 7. Constraints on the sharpness of the snow-line in TW Hya. The left panel shows model water vapor abundance decreases from
XH2O ∼ 2.5× 10
−4 to 3.5× 10−11 with three different radial scale lengths: 0.1AU (dot line), 0.5AU (solid line) and 1AU (dash line). The
right panel shows the modeled LTE line fluxes over-plotted on Herschel PACS spectra. The line styles are the same as in the left panel.
In the warm inner disk (r<1AU, z/r<0.2), H2O
can be formed in the gas phase (Glassgold et al. 2009;
Bethell & Bergin 2009), even in the presence of sub-
stantial photolyzing radiation. The key is a sufficient
supply of H2, which drives the formation of water via
successive hydrogenation of atomic oxygen in reactions
with significant activation barriers. More precisely, we
find that using the photodissociation rate calculated only
at Lyα (which dominates the 3×10−3L⊙ FUV contin-
uum flux), and water reaction rates from Baulch, D. L.
(1972) – kOH=3.0×10
−14Te−4480/T cm3 molecule−1s−1
and kH2O=3.6×10
−11Te−2590/T cm3 molecule−1s−1 –
this simplified chemical model predicts water abundances
near 10−4 when Tg &200K, ng>10
9 cm−3. These condi-
tions are satisfied in the inner disk and the cavity wall,
but not necessarily in the photon-dominated upper layers
of the outer disk.
Thus, production of water via gas-phase reactions can
potentially explain the high abundance of ∼220K water
vapor observed inside the TW Hya snow line, even if the
initial conditions are atomic, and only until the elemental
abundance of oxygen is depleted (∼ 5 × 10−4 relative
to H, Frisch & Slavin 2003). Indeed, modern thermo-
chemical models (Woitke et al. 2009; Najita et al. 2011;
Walsh et al. 2012) predict both that much of the oxygen
is locked up in water vapor in the warm inner disk and
at large scale heights where the gas is heated by UV and
X-ray photons.
The best fit water content just inside the TW Hya
snowline is not sufficiently high to distinguish between in
situ gas-phase formation and evaporating icy bodies, but
is consistent with thermo-chemical models. Well inside
the transition radius, the water abundance drops by two
orders of magnitude, in conflict with this simple model.
However, the models byWoitke et al. andWalsh et al. do
not include the depleted inner region of TW Hya, making
direct comparisons difficult for the innermost disk.
The warm gas-phase chemistry will not operate in
the outer disk. Here, the primordial surface ice chem-
istry will dominate (Tielens & Hagen 1982), resulting
in a huge reservoir of icy dust and larger bodies from
which water molecules must be thermally evaporated
or desorbed by high-energy particles and photons. As
discussed in Bergin et al. (2010) and Hogerheijde et al.
(2011), models of photodesorption from icy grains find
that a depletion of icy grains from the outer disk sur-
face, presumably by setting to the midplane, is needed
to reproduce the low observed outer disk water vapor
abundances. A zeroth-order expectation is that the wa-
ter vapor abundance across the snow-line can be treated
as a step function (Ciesla & Cuzzi 2006), with high in-
ner disk water vapor abundances created by a mixture
of gas-phase reactions and evaporating icy bodies and a
low outer disk abundance maintained by desorption.
We find a very low (vertically averaged) outer disk wa-
ter abundance of a few times 10−11 per hydrogen, con-
sistent with previous Herschel-HIFI observations, but in
conflict with the static thermo-chemical models, which
indicate surface abundances of 10−7 − 10−9 per H. We
interpret this as further evidence for settling of icy grains
in the outer disk of TW Hya.
Another potential test for icy-grain contributions to
the observed disk water vapor content would be a mea-
surement of the O/P ratio. For gas phase formation of
water at >200K, an O/P ratio of 3 is expected, while the
O/P ratio for evaporation or sputtering can be consider-
ably less than 3 for grain surface temperatures less than
∼ 40K. However, for higher temperature ices formed in
regions close to the snow line, the O/P ratio may still
be near 3. Thus, detailed measurements of the O/P
ratio will be needed to trace the origin of the snow-
line water vapor, such as could be obtained, for exam-
ple, with next generation ground-based (VLT-VISIR) or
space-based (JWST-MIRI) thermal-IR spectrographs.
10
Figure 8. The χ2 surface for LTE slab model water fits for TW
Hya as a function of N and T , with an effective radius R=1.0AU.
The contour plot is based on Spitzer IRS LH spectra, with best-fit
parameters of T = 220K and N=1018 cm−2. The shadowed area
depicts the parameter space that is excluded by the water upper
flux limits from the Spitzer IRS SH spectrum. Empty squares
depict the best LTE slab model fit results for cTTs with water
detections in the Spitzer-IRS wavelength range (Salyk et al. 2011).
5.2. The water vapor abundance distribution in
transitional disks
The Spitzer IRS spectrum reveals that the water vapor
emission from TW Hya is different from that of typical,
but less evolved, protoplanetary disks around solar-type
stars. A comparison of the basic properties of the TW
Hya water emission is shown in Figure 8, where an LTE
slab model (disk-averaged) temperature and column den-
sity are compared to those of cTTs disks (Salyk et al.
2011). This is consistent with the detailed radial abun-
dance structure derived for TW Hya.
Although the relative contributions to the observed
water vapor in TW Hya from gas-phase reactions and
evaporating icy planetesimals is unknown, it may be the
ideal target to observe the evaporation process as its rel-
atively small ‘hole’ size allows the snow line to reside in
the optically thick outer disk. In contrast, many of the
known transitional disks have transition radii of 10 AU or
greater (Andrews et al. 2011), and the snow-line would
be located well inside the optically thin region of the disk.
They also typically lie two or three times more distant
than TW Hya. Therefore, comparisons with additional
transitional disks may need to wait for the availability of
more sensitive instruments.
In contrast to the ∼1 AU snow line found by
Meijerink et al. (2009) for cTTs disks, the TW Hya
snow-line is located at a significantly larger radius, in
spite of its lower luminosity as compared to DR Tau and
AS 205 N. In the case of transitional disks, however, the
exposure of the transition radius to nearly unobstructed
stellar light and the ‘face on’ nature of the cavity wall
at the transition radius should heat the disk more read-
ily at large radii and push the snow-line outwards. One
interesting consequence of this property is that if giant
planets form and clear out a hole in the disk, creating a
transitional disk, the subsequent migration of the snow
line to larger radii could slow the growth of new plane-
tary cores over a larger range of radii, out to the location
of the new snow line.
At the same time, new planetesimal formation may
be catalyzed near the new snow line due to enrichment
of water by a combination the radial cold finger effect
of Stevenson & Lunine (1988) and inwards radial migra-
tion of icy bodies (Ciesla & Cuzzi 2006). The observed
high abundance of water around 4 AU in TW Hya is
supportive of a scenario in which new icy planetesimal
formation, and perhaps even giant planet formation, is
ongoing at this location.
Another interesting feature of the distribution of water
vapor abundance in TW Hya is the relatively dry inner
disk. The water vapor abundance in the innermost disk
(< 0.5AU) is actually unconstrained by the Spitzer data
due to beam dilution, but for r >0.5 AU the abundance
upper limit is two orders of magnitude below that esti-
mated in cTTs disks, and the lack of water in inner disk
can be explained by two possible scenarios.
First, the inner disk really is empty between 0.5-4AU,
a scenario consistent with near-IR interferometric data.
Akeson et al. (2011) found an inner optically thick ring
around 0.5 AU plus an outer optically thick disk starting
at 4 AU can match the full suite of near-IR interferomet-
ric data and the general SED shape of TW Hya. Recent 8
- 18 µm speckle imaging, however, has suggested a more
continuous dust distribution out to 4 AU and perhaps
the presence of a companion (Arnold et al. 2012).
Further, analysis of the ALMA CO J=2-1 and 3-
2 Science Verification observations of TW Hya has re-
vealed gas signatures down to radii as close as 2 AU
(Rosenfeld et al. 2012). Thus, the more likely scenario
for the structure of the TW Hya disk is that outlined
in Figure 4, namely an inner disk in which CO remains
abundant since the kinetic temperature is much higher
than that needed for freeze-out (∼ 20K).Water in the
inner disk can still be subjected to some depletion, or
in the case that a companion gates the accretion flow
into the inner disk any water-ice rich grains that settle
to the (outer disk) mid-plane may be blocked from fur-
ther inward migration. If this is the case, there should
be a large difference in the gas phase C/O ratios be-
tween the inner and outer parts of the disk. Thus, the
quantity of gas along with its C/O content are poten-
tially probes that can distinguish whether a given tran-
sition disk has been sculpted by planet formation or other
mechanisms (grain growth or photo-evaporation, for ex-
ample; see Najita et al. 2011 for a further discussion of
how changes in the C/O ratio can impact disk chem-
istry).
A final aspect of these observations is the short scale
length (<0.5AU) over which the dramatic water vapor
decrease occurs, a distance in conflict with scenarios that
consider only freeze-out. Such a radial profile may be
further evidence for a vertical cold finger effect, in which
the surface snow-line location reflects that at the mid-
plane, perhaps due to mixing (Meijerink et al. 2009).
5.3. Molecular mapping with multi-wavelength spectra
We have demonstrated here how multi-wavelength
spectroscopic data can be used to reconstruct molecu-
lar abundances, even when the observations are spatially
(and often spectrally) unresolved.The snow line differ-
ences inferred for the tiny sample observed to date are in
accord with the changing physical conditions that pas-
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sive cTTs disks experience as they evolve. Much more
detailed constraints and comparisons to models will be-
come available over the coming years by exploiting the
significant infrared database that exists for stars+disks of
varying mass and evolutionary state (Pontoppidan et al.
2010b; Salyk et al. 2011) along with new observations at
longer wavelengths.
Because protoplanetary disks are complicated struc-
tures, the multi-wavelength molecular mapping method
should be used with some caution, however. The flux
of each line will arise from a range of disk regions, with
lines at various wavelengths characterizing different radii
and/or vertical depths, and an overview of several of the
key water vapor tracers for the best fitting TW Hya
model is presented in Fig. 9. As demonstrated in this
work, it can take considerable effort to build realistic
models for an individual source, and efforts herein were
aided by a large set of ancillary observations of this well-
studied disk. Nevertheless, it is important to stress that
relatively fewer uncertainties are introduced in this type
of modeling than with the use of full thermal-chemical
disk models, in which chemical abundances are sensitive
to a wide array of model parameters, including FUV and
X-ray fluxes, accretion rate, disk viscosities and trans-
port rates, dust-versus-gas settling geometries, grain-
surface reaction rates, and so on (e.g. Heinzeller et al.
2011). Further, studies of large disk samples will require
fast, robust models. We therefore advocate for the direct
measurement of chemical abundances with relatively few
free parameters, such as is described in this work, to be
used in conjunction with physical intuition derived from
the more complex thermal-chemical models.
It is interesting to note that the precision of derived
abundance profiles is primarily determined by the avail-
ability of high-quality spectra across a wide range of ex-
citation energies, as well as by the knowledge of the over-
all disk structure, especially the gas temperature. Thus,
more precise measurements can be obtained as spectro-
graphs with higher spectral resolution and sensitivity be-
come available, irrespective of the instrumental spatial
resolution (provided the disk structure is reasonably well
characterized) – though of course instruments that pro-
vide detailed kinematic profiles of lines with a significant
range of excitation energies will provide the most strin-
gent probes. This technique thus provides an ideal means
to study chemical structure at the size scales relevant to
planet formation.
With a properly chosen spectral suite, we have demon-
strated that it is possible to probe molecular abundance
distributions on AU scales, and it is worth emphasiz-
ing that this method is highly complementary to the
capabilities of ALMA. At its longest baselines (16 km),
the full ALMA will be able to resolve a nearby disk
(140pc) on AU scales at its shortest operational wave-
length, ∼400 µm, in dust emission. However, due to the
quantum-limited nature of heterodyne receivers and the
available collecting area, it will be a severe challenge even
for ALMA to robustly image the warm molecular gas in-
side of 10AU – the principle formation region of terres-
trial and giant planets according to core accretion theory.
Thus, for the foreseeable future, multi-wavelength meth-
ods (which can incorporate ALMA spectral data cubes)
offer perhaps the best means of deriving the molecular
abundance patterns in planet-forming environments. Ta-
Table 3
Volatile line tracers at different disk radii
Wavelength Radius Facility
µm AU
2-5 0.1 NIRSPEC, CRIRES
6-10 0.1- 1 SOFIA FORECAST
10-35 0.5- 5 Spitzer IRS
40 - 200 1-100 Herschel PACS
200- 30000 >50 HIFI, ALMA
Figure 9. The radial and vertical locations bounding water vapor
emission from the TW Hya disk. The boxes mark the 15% and 85%
cumulative radial line flux limits (vertical lines) and the heights
where 15% and 85% of the line flux arises from each vertical column
(horizontal lines). The gas density of the disk is shown in greyscale,
and the location of the Av∼1 gas/dust decoupling transition (Tg =
Td) is shown by the dotted line. As a guide to the eye, the nH2 =
109 cm−3 density contours are labeled by the solid line. Excitation
and dust/line opacity are principally responsible for the lack of
sensitivity to the cold, dense disk midplane (c.f. Figure 2).
ble 3 presents the general selectivity of each wavelength
window for disks around Sun-like stars.
Although current observational S/N levels limit chemi-
cal abundance studies to a few species, this technique can
in principle be applied to the study of any molecule whose
transitions cover sufficient excitation space. The gas
phase distribution of condensible species provides partic-
ularly valuable information on the temperature, density,
chemical and transport patterns in disks; and used to-
gether, observations of a wide variety of molecules are
best suited to the isolation and thus understanding of
particular disk processes. To combine both infrared and
(sub)mm data on the inner/outer disk, polar species with
greatly differing sublimation temperatures are preferred.
The most obvious candidates, beyond water vapor and
OH, are CO and HCN, which are widely detected in sur-
veys of protoplanetary disks. The former provides a fidu-
cial chemical marker that only becomes significantly af-
fected by freeze-out at very low temperatures, while the
abundance drop for HCN across the snow line may well
be sensitive to the C/O ratio in the gas.
6. CONCLUSIONS
This paper uses multi-wavelength spectra to probe the
water vapor distribution in protoplanetary disks, and
demonstrates the first application of this method to in-
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vestigate the water vapor abundance from 0.5-200AU in
the transitional disk TW Hya. Our modeling shows that
there is a narrow region between 4-4.2AU where water
vapor is warm (∼220K) and optically thick, resulting in
a high abundance (XH2O∼10
−4). Outside the snow-line,
the water vapor column density in the disk atmosphere
decreases dramatically over a scale length of less than
0.5AU due to freeze out, resulting in a vertically inte-
grated vapor abundance of XH2O∼10
−11 at large radii.
Both current and near-term astronomical facilities
from the near-IR to radio frequencies can generate a rich
molecular data set of the emission lines from protoplan-
etary disks. We expect the multi-wavelength molecular
mapping method will soon be applied to a substantial
ensemble of disks and molecular species.
7. ACKNOWLEDGEMENTS
This work is based in part on observations made with
the Spitzer Space Telescope, which is operated by the
Jet Propulsion Laboratory, California Institute of Tech-
nology under a contract with NASA. Herschel is an ESA
space observatory with science instruments provided by
European-led Principal Investigator consortia and with
important participation from NASA. Funding for this
work (to G. Blake) was provided by the NASA Astrobiol-
ogy/Origins of Solar Systems programs and NSF Astron-
omy & Astrophysics. C. Salyk gratefully acknowledges
NOAO Leo Goldberg Postdoctoral Fellowship support.
We also thank the anonymous referee for a thorough and
insightful report, which helped to improve this paper.
REFERENCES
Aikawa, Y., Miyama, S. M., Nakano, T., & Umebayashi, T. 1996,
ApJ, 467, 684
Akeson, R. L., Millan-Gabet, R., Ciardi, D. R., Boden, A. F.,
Sargent, A. I., Monnier, J. D., McAlister, H., ten Brummelaar,
T., Sturmann, J., Sturmann, L., & Turner, N. 2011, ApJ, 728,
96
Andrews, S. M., Wilner, D. J., Espaillat, C., Hughes, A. M.,
Dullemond, C. P., McClure, M. K., Qi, C., & Brown, J. M.
2011, ApJ, 732, 42
Andrews, S. M., Wilner, D. J., Hughes, A. M., Qi, C., Rosenfeld,
K. A., O¨berg, K. I., Birnstiel, T., Espaillat, C., Cieza, L. A.,
Williams, J. P., Lin, S.-Y., & Ho, P. T. P. 2012, ApJ, 744, 162
Armitage, P. J. 2011, ARA&A, 49, 195
Arnold, T. J., Eisner, J. A., Monnier, J. D., & Tuthill, P. 2012,
ApJ, 750, 119
Banzatti, A., Meyer, M. R., Bruderer, S., Geers, V., Pascucci, I.,
Lahuis, F., Juha´sz, A., Henning, T., & A´braha´m, P. 2012, ApJ,
745, 90
Baulch, D. L., ed. 1972, Evaluated kinetic data for high
temperature reactions (CRC Press)
Bergin, E. A., Cleeves, L. I., Gorti, U., Zhang, K., Blake, G. A.,
Green, J., Andrews, S. M., Evans, II, N. J., Henning, T.,
Oberg, K., Pontoppidan, K. M., Salyk, C., & van Dishoeck,
E. F. 2013, Nature, 393, 7433
Bergin, E. A., Hogerheijde, M. R., Brinch, C., & Fogel, J. e. a.
2010, A&A, 521, L33+
Bethell, T., & Bergin, E. 2009, Science, 326, 1675
Birnstiel, T., Dullemond, C. P., & Brauer, F. 2009, Astronomy
and Astrophysics, 503, L5
Blum, J., & Wurm, G. 2008, ARA&A, 46, 21
Calvet, N., D’Alessio, P., Hartmann, L., Wilner, D., Walsh, A., &
Sitko, M. 2002, ApJ, 568, 1008
Carr, J. S., & Najita, J. R. 2008, Science, 319, 1504
Ciesla, F. J., & Cuzzi, J. N. 2006, Icarus, 181, 178
D’Alessio, P., Calvet, N., & Hartmann, L. 2001, ApJ, 553, 321
Dodson-Robinson, S. E., Willacy, K., Bodenheimer, P., Turner,
N. J., & Beichman, C. A. 2009, Icarus, 200, 672
Dullemond, C. P., & Dominik, C. 2004, A&A, 417, 159
Eisner, J. A., Chiang, E. I., & Hillenbrand, L. A. 2006, ApJ, 637,
L133
Fedele, D., Bruderer, S., van Dishoeck, E. F. v., Herczeg, G. J.,
Evans, N. J., Bouwman, J., Henning, T., & Green, J. 2012,
A&A, 544, L9
Frisch, P. C., & Slavin, J. D. 2003, ApJ, 594, 844
Garaud, P., & Lin, D. N. C. 2007, ApJ, 654, 606
Glassgold, A. E., Meijerink, R., & Najita, J. R. 2009, ApJ, 701,
142
Glassgold, A. E., Najita, J. R., & Igea, J. 2004, ApJ, 615, 972
Gomes, R., Levison, H. F., Tsiganis, K., & Morbidelli, A. 2005,
Nature, 435, 466
Gorti, U., Hollenbach, D., Najita, J. R., & Pascucci, I. 2011, ApJ,
735, 90
Hayashi, C. 1981, Progress of Theoretical Physics Supplement,
70, 35
Heinzeller, D., Nomura, H., Walsh, C., & Millar, T. J. 2011, ApJ,
731, 115
Hogerheijde, M. R., Bergin, E. A., Brinch, C., Cleeves, L. I.,
Fogel, J. K. J., Blake, G. A., Dominik, C., Lis, D. C., Melnick,
G., Neufeld, D., Panic, O., Pearson, J. C., Kristensen, L., Yldz,
U. A., & van Dishoeck, E. F. v. 2011, Science, 334, 338
Hughes, A. M., Wilner, D. J., Calvet, N., D’Alessio, P., Claussen,
M. J., & Hogerheijde, M. R. 2007, ApJ, 664, 536
Johansen, A., Oishi, J. S., Mac Low, M.-M., Klahr, H., Henning,
T., & Youdin, A. 2007, Nature, 448, 1022
Johansen, A., Youdin, A., & Mac Low, M.-M. 2009, ApJ, 704, L75
Kamp, I., & Dullemond, C. P. 2004, ApJ, 615, 991
Kennedy, G. M., & Kenyon, S. J. 2008, ApJ, 673, 502
Kretke, K. A., & Lin, D. N. C. 2007, ApJ, 664, L55
Lecar, M., Podolak, M., Sasselov, D., & Chiang, E. 2006, ApJ,
640, 1115
Low, F. J., Smith, P. S., Werner, M., Chen, C., Krause, V., Jura,
M., & Hines, D. C. 2005, ApJ, 631, 1170
Mamajek, E. E. 2005, ApJ, 634, 1385
Meeus, G., Montesinos, B., Mendigut´ıa, I., Kamp, I., Thi, W.-F.,
& team, t. G. H. 2012, arXiv.org, astro-ph.GA
Meijerink, R., Pontoppidan, K. M., Blake, G. A., Poelman, D. R.,
& Dullemond, C. P. 2009, ApJ, 704, 1471
Najita, J. R., A´da´mkovics, M., & Glassgold, A. E. 2011, ApJ,
743, 147
Najita, J. R., Carr, J. S., Strom, S. E., Watson, D. M., Pascucci,
I., Hollenbach, D., Gorti, U., & Keller, L. 2010, ApJ, 712, 274
Pollack, J. B., Hollenbach, D., Beckwith, S., Simonelli, D. P.,
Roush, T., & Fong, W. 1994, ApJ, 421, 615
Pollack, J. B., Hubickyj, O., Bodenheimer, P., Lissauer, J. J.,
Podolak, M., & Greenzweig, Y. 1996, Icarus, 124, 62
Pontoppidan, K. M., Blake, G. A., van Dishoeck, E. F., Smette,
A., Ireland, M. J., & Brown, J. 2008, ApJ, 684, 1323
Pontoppidan, K. M., Meijerink, R., Dullemond, C. P., & Blake,
G. A. 2009, ApJ, 704, 1482
Pontoppidan, K. M., Salyk, C., Blake, G. A., & Ka¨ufl, H. U.
2010a, ApJ, 722, L173
Pontoppidan, K. M., Salyk, C., Blake, G. A., Meijerink, R., Carr,
J. S., & Najita, J. 2010b, ApJ, 720, 887
Qi, C., Ho, P. T. P., Wilner, D. J., Takakuwa, S., Hirano, N.,
Ohashi, N., Bourke, T. L., Zhang, Q., Blake, G. A.,
Hogerheijde, M. R., Saito, M., Choi, M., & Yang, J. 2004, ApJ,
616, L11
Raymond, S. N., Quinn, T., & Lunine, J. I. 2004, Icarus, 168, 1
Rettig, T. W., Haywood, J., Simon, T., Brittain, S. D., & Gibb,
E. 2004, ApJ, 616, L163
Riviere-Marichalar, P., Me´nard, F., Thi, W.-F., Kamp, I.,
Montesinos, B., Meeus, G., Woitke, P., Howard, C., Sandell, G.,
Podio, L., Dent, W. R. F., Mendigut´ıa, I., Pinte, C., White,
G. J., & Barrado, D. 2012, Astronomy and Astrophysics, 538,
L3
Rosenfeld, K. A., Qi, C., Andrews, S. M., Wilner, D. J., Corder,
S. A., Dullemond, C. P., Lin, S.-Y., Hughes, A. M., D’Alessio,
P., & Ho, P. T. P. 2012, ApJ, 757, 129
Rucinski, S. M., & Krautter, J. 1983, A&A, 121, 217
Salyk, C., Blake, G. A., Boogert, A. C. A., & Brown, J. M. 2007,
ApJ, 655, L105
—. 2009, ApJ, 699, 330
13
Salyk, C., Pontoppidan, K. M., Blake, G. A., Lahuis, F., van
Dishoeck, E. F., & Evans, II, N. J. 2008, ApJ, 676, L49
Salyk, C., Pontoppidan, K. M., Blake, G. A., Najita, J. R., &
Carr, J. S. 2011, ApJ, 731, 130
Stevenson, D. J., & Lunine, J. I. 1988, Icarus, 75, 146
Supulver, K. D., & Lin, D. N. C. 2000, Icarus, 146, 525
Thi, W.-F., Mathews, G., Me´nard, F., Woitke, P., Meeus, G.,
Riviere-Marichalar, P., Pinte, C., Howard, C. D., Roberge, A.,
Sandell, G., Pascucci, I., Riaz, B., Grady, C. A., Dent,
W. R. F., Kamp, I., Ducheˆne, G., Augereau, J.-C., Pantin, E.,
Vandenbussche, B., Tilling, I., Williams, J. P., Eiroa, C.,
Barrado, D., Alacid, J. M., Andrews, S., Ardila, D. R., Aresu,
G., Brittain, S., Ciardi, D. R., Danchi, W., Fedele, D., de
Gregorio-Monsalvo, I., Heras, A., Huelamo, N., Krivov, A.,
Lebreton, J., Liseau, R., Martin-Zaidi, C., Mendigut´ıa, I.,
Montesinos, B., Mora, A., Morales-Calderon, M., Nomura, H.,
Phillips, N., Podio, L., Poelman, D. R., Ramsay, S., Rice, K.,
Solano, E., Walker, H., White, G. J., & Wright, G. 2010, A&A,
518, L125
Tielens, A. G. G. M., & Hagen, W. 1982, A&A, 114, 245
Uchida, K. I., Calvet, N., Hartmann, L., Kemper, F., Forrest,
W. J., Watson, D. M., D’Alessio, P., Chen, C. H., Furlan, E.,
Sargent, B., Brandl, B. R., Herter, T. L., Morris, P., Myers,
P. C., Najita, J. R., Sloan, G. C., Barry, D. J., Green, J.,
Keller, L. D., & Hall, P. 2004, ApJS, 154, 439
Walsh, C., Nomura, H., Millar, T. J., & Aikawa, Y. 2012, ApJ,
747, 114
Webb, R. A., Zuckerman, B., Platais, I., Patience, J., White,
R. J., Schwartz, M. J., & McCarthy, C. 1999, ApJ, 512, L63
Weidenschilling, S. J. 1997, Icarus, 127, 290
Weintraub, D. A., Sandell, G., & Duncan, W. D. 1989, ApJ, 340,
L69
Woitke, P., Kamp, I., & Thi, W.-F. 2009, A&A, 501, 383
